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We report results of simultaneous x-ray reflectivity and grazing incidence x-ray fluorescence mea-
surements in combination with x-ray standing wave assisted depth resolved near edge x-ray absorp-
tion measurements to reveal new insights on chemical speciation of W in a W-B4C superlattice
structure. Interestingly, our results show existence of various unusual electronic states for the W
atoms especially those sitting at the surface and interface boundary of a thin film medium as
compared to that of the bulk. These observations are found to be consistent with the results ob-
tained using first principles calculations. Unlike the conventional x-ray absorption measurements
the present approach has an advantage that it permits determination of depth resolved chemical
nature of an element in the thin layered materials at atomic length scale resolution.
I. INTRODUCTION
Electronic states at the surface and interface bound-
ary of a thin film medium significantly differ from that
of the bulk due to strong orbital reconstruction or hy-
bridization of near surface atoms [1]. Such a hybridiza-
tion extensively modulates the physical properties of a
thin film medium. Despite the recent advances in thin
film growth methodology the interface boundary between
two materials in a thin film can not be realised distinctly
due to atomic migration [2]. Surface and interface alter-
ation due to atomic scale modulation of the orbital oc-
cupation is an active area of research to unravel insights
on many correlated and uncorrelated physical phenom-
ena, such as, electronic and magneto transport proper-
ties, interlayer exchange coupling properties of various
thin layered materials in condensed matter physics re-
search [3–9]. In order to achieve a detailed understand-
ing about the electronic mechanism responsible for the
observed physical properties in thin layered materials it
is often necessary to investigate and compare unusual
behaviour of orbital electrons in surfaces, interfaces and
bulk [1, 3, 10–12]. Probing surfaces and interfaces in
a superlattice structure [13, 14] can lead to new oppor-
tunity to reveal unusual physical properties associated
with a thin layered material. Despite immense interest
in this direction, no appropriate technique is available
that can provide depth resolved localised chemical infor-
mation about a thin layered material. The conventional
absorption techniques suffer from the inherent technical
limitations as they do not provide depth resolved infor-
mation about physical and chemical properties of nanos-
tructured materials and their localization with respect
to the substrate surface. The recent advances in the
field of surface-interface analysis of thin layered mate-
rials have spurred new experimental efforts to develop
methods that are far more accurate as compared to that
of the conventional absorption methods.
Fluorescence assisted x-ray standing wave (XSW) tech-
nique has become the workhorse for the surface-interface
aspects of condensed matter research. As a nondestruc-
tive probe, the XSW induced fluorescence measurements
at grazing incidence angles offer atomic scale depth reso-
lution inside a thin film medium [15–22]. Recent advance-
ments in various combined x-ray spectroscopy approaches
have made it possible to obtain depth resolved chemical
information on surfaces and interfaces in a nondestruc-
tive manner. In our previous work we have shown that
x-ray reflectivity (XRR) together with grazing incidence
x-ray fluorescence (GIXRF) measurements can be used as
a sensitive probe to evaluate depth resolved microstruc-
tural parameters of a buried layer inside a W-B4C su-
perlattice structure [13]. It has been demonstrated that
a slight diffusion of W into a B4C layer, significantly
increases the density of the B4C medium. Tungsten
has an outer shell electronic configuration 5d4 6s2 6p0.
Its 5d band remains partially filled in case of divalent,
trivalent, tetravalent, pentavalent compounds and com-
pletely empty in the case of the hexavalent compounds.
Since the 5d, 6s and 6p electronic levels are very close
to each other, hybridization of these orbitals are ener-
getically favourable in many tungsten compounds. Such
hybridization significantly modulates the nature of these
higher shell energy levels [23–27]. Hence, depth resolved
chemical speciation is often desirable to understand the
underlying degradation pathways (if any) and its influ-
ence on the interfacial chemical changes in the case of a
superlattice structure.
Here, we report depth resolved chemical speciation of
a W-B4C superlattice structure using combined XRR
and GIXRF measurements along with the XSW as-
sisted depth resolved x-ray absorption near edge struc-
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2ture (XANES) measurements. The depth selectivity of
the XSW wave field inside the multilayer structure was
controlled by precisely tuning the grazing incidence an-
gle of the impinging x-ray wave field. We have carried
out x-ray reflectometry measurements to investigate the
anomalous behaviour of the optical constants (δ, β) of W
in the vicinity of W-L3 characteristics absorption edge.
Such measurements are highly useful for obtaining quan-
titative information on stoichiometric chemical nature
and electronic distribution of the probed atom in the
material. XSW assisted depth resolved XANES mea-
surements near the W-L3 absorption edge energy (Eo ∼
10207 eV) are carried out for two sets of W-B4C super-
lattice structures comprising of 10 and 15 bilayer repeti-
tions, respectively. Our results show existence of unusual
electronic states for the W atoms that are present at in-
terface boundary as compared those present in the bulk
thin film medium in case of the W-B4C superlattice struc-
ture. The grazing incidence x-ray diffraction (GIXRD)
measurements performed on the same multilayer struc-
ture supports results of the XSW investigations. We have
also carried out detailed calculations for density of states
and XANES spectra for the bulk crystalline W using first
principles density functional theory. Its formal similarity
with the measured XANES data strengthens our findings.
II. EXPERIMENTAL
W-B4C periodic multilayer structures, comprising
of N=15 and N=10 bilayers, used in the present work
were prepared on a polished Si(100) substrate at room
temperature using a DC magnetron sputtering system
[28]. The multilayer sample was deposited using Argon,
as a sputtering gas medium at constant pressure of ∼
5×10−3 mbar, whereas the base vacuum of the chamber
was maintained at ∼ 2×10−8 mbar before the start of
the deposition process. The combined x-ray reflectivity
and grazing incidence x-ray fluorescence measurements
for W-B4C multilayer consisting of 15 bilayer repetitions
were carried out at the x-ray reflectometer station of
BL-16 beamline of Indus-2 synchrotron facility at inci-
dent x-rays energy of 10230 eV, monochromatized using
a Si (111) double crystal monochromator [29]. The XSW
assisted depth resolved XANES measurements at W-L3
absorption edge energy (Eo ∼ 10207 eV) for W-B4C
multilayer of 15 bilayer repetitions was performed at the
same reflectometer station. An x-ray beam of size 100
µm(v) × 10 mm(h), generated using a crossed-slits aper-
ture was allowed for the GIXRF-XANES measurements.
To measure specularly reflected x-rays from a sample
reflector, an Avalanche Photo Diode (APD) detector
was used. The APD detector was placed ∼350 mm
away from the sample position. The low noise and high
dynamic range of the APD detector allow us to record
XRR pattern with a dynamic range up to ∼7 orders.
A vortex spectroscopy detector (SDD) comprising an
active surface area of 50 mm2 and having an energy
resolution of ∼140 eV at 5.9 keV (Mn Kα x-rays) was
placed in the plane of sample substrate at a distance 25
mm [30]. Fluorescence x-rays were measured through a
Al pinhole collimator of diameter ∼ 1 mm to maintain a
constant solid angle of the SDD detector on the sample
surface [31]. The details about the BL-16 reflectometer
station are described elsewhere [29, 32]. We have also
carried out the XSW-XANES measurements for a
W-B4C multilayer consisting of N=10 bilayer repetitions
at the International Atomic Energy Agency (IAEA)
GIXRF-XRR experimental facility operated at the XRF
beamline of Elettra Sincrotrone Trieste (BL-10.1L).
GIXRD measurement was carried out at angle dispersive
x-ray diffraction (ADXRD) beamline (BL-12) of Indus-2
synchrotron facility at incident x-rays energy of 15.5
keV [33].
III. RESULTS AND DISCUSSIONS
Figures 2(a) and 2(b) respectively show the mea-
sured and fitted XRR and GIXRF profiles in the vicinity
of the 1st Bragg peak for the W-B4C multilayer structure
consisting of 15 bilayer repetitions at 10230 eV incident
x-ray energy (above the W-L3 absorption edge energy
Eo ∼ 10207 eV). Simultaneous fitting of the measured
XRR and GIXRF data were carried out using the CAT-
GIXRF program [34]. During the model fitting of the
experimental XRR and GIXRF profiles we have consid-
ered a thin buried layer of W of thickness 16.6 A˚, inside
the multilayer structure. A schematic illustration show-
ing the location of the W buried layer is given in Fig.
1. The detailed microstructural analysis of the W-B4C
multilayer structure is described elsewhere [13]. Figure 3
depicts computed electric field intensity (EFI) distribu-
tion at 10230 eV x-ray energy inside the W-B4C periodic
multilayer structure as a function of incidence angle and
film depth (z). The EFI was computed taking into ac-
count the microstructural parameters determined from
the best fit results obtained using combined XRR and
GIXRF analysis. From Fig. 3, it can be observed that
the positions of XSW antinodes vary inside the multi-
layer medium as grazing incidence angles of the primary
x-ray beam are changed. The observed periodic Kiessig
interference fringes in the XRR and GIXRF profiles are
anticorrelated in nature. It can be seen from the Fig.
2(b) that the W-Lα fluorescence intensity profile shows
a strong XSW modulation especially at the low and high
angle sides of the Bragg region. The W-Lα fluorescence
intensity is minimum at very low grazing incidence an-
gles and starts increasing rapidly as the grazing incidence
angle just crosses the critical angle (θc ≈ 0.290) of the
film medium. This variation of W-Lα fluorescence in-
tensity mainly arises due to the movement of XSW wave
field in the thin film structure. At very low grazing in-
cidence angles or below the critical angle (θc ≈ 0.290),
there is no appreciable x-ray intensity inside the mul-
3tilayer medium, but it exists only on top of the multi-
layer surface in the form of XSW fringes due to strong
reflection (total external reflection region) from the sam-
ple surface. So, a very few W atoms, situated 2-5 nm
below the top surface of superlattice, is excited by the
evanescent wave and the corresponding fluorescence in-
tensity is very weak. As the incidence angle advances
through the critical angle boundary, the x-ray field starts
to penetrate in different layers of the multilayer medium
and consequently W-Lα fluorescence intensity increases
very rapidly. At the Bragg angle (θBragg ≈ 0.7850), an
XSW field of periodicity equal to the multilayer period
(∆ = d) is setup inside the multilayer medium. At the
low angle side (θLow ≈ 0.740) of the Bragg peak, the
antinodes of the XSW field remain in the low Z layer
(B4C layer). As the incidence angle advances across the
Bragg region, these antinodes move towards the high Z
layer (W layer). However, at the Bragg peak the antin-
odes stand exactly at the interfaces of the low Z and
high Z layer. At the high angle side (θHigh ≈ 0.850)
of the Bragg peak, XSW antinodes completely coincide
with the position of the high Z layers (W layer). Because
of this movement of the XSW antinodes intensity, the
W-Lα fluorescence intensity is strongly modulated over
the Bragg region. As a result, at the high angle side of
the Bragg peak, we obtained relatively higher W-Lα flu-
orescence yield as compared to that of the low angle side.
At higher incidence angles (after the 1st Bragg peak) the
W-Lα fluorescence yield more or less remains constant
because the W atom is excited only with the direct x-ray
beam as there is no formation of XSW field due to very
weak reflected x-ray beam at high incidence angles. One
may expect a light XSW modulation of the W-Lα fluo-
rescence yield near the 2nd Bragg peak. These control
depth selectivity of XSW field in combination with x-ray
absorption fine structure analysis provides a possibility
to determine the depth selective chemical speciation of
a thin film medium. This can be achieved by measur-
ing the XSW assisted fluorescence intensity from a thin
layered medium across the characteristic absorption edge
of a layered material. We have selected various grazing
incidence angles for the XSW assisted depth resolved x-
ray absorption measurements near the W-L3 absorption
edge energy (Eo ∼ 10207 eV). These angles are marked
by the dotted vertical lines in Figs. 2 and 3. It may be
important to mention here that the probed depth vol-
ume estimation from XSW field is usually not constant
across the absorption edge of a material due to anoma-
lous behaviour of the complex refractive indices or optical
constants of the layered material.
In order to investigate the anomalous behaviour of the
optical constants (δ, β) of W near the characteristics L3
absorption region, we have performed x-ray reflectivity
measurements of the W-B4C superlattice structure near
the W-L3 absorption energy region. Figure 4 shows the
measured and fitted specular reflectivity profiles of the
W-B4C superlattice structure in the energy region of
10192 eV to 10230 eV. The x-ray reflectivity data were
recorded with an angular step size of θ ≈ 0.0050 using
reflectometer station of BL-16 beamline of Indus-2 syn-
chrotron facility. Before XRR measurements, incident
x-ray energies emitted from the BL-16 beamline were cal-
ibrated by performing absorption edge measurements of
a pure W foil as well as a W thin film of thickness 270A˚.
While fitting XRR profiles in the energy region of 10192
eV- 10230 eV, as an initial guess we have considered mea-
sured optical constants (δ, β) of a pure W thin film. In
addition, we fixed the microstructural parameters of the
W-B4C superlattice structure and allowed to vary optical
constants of W in a controlled manner until one obtains
best fit curves to the measured XRR data. It can be seen
from Fig. 4 that the measured XRR patterns match quite
well with the fitted profiles except a subtle difference at
the 4th Bragg peak location. This deviation can be at-
tributed to the non-linear diffused scattering background
produced from the multilayer sample. The reflectivity of
the 1st Bragg peak decreases significantly near the L3
absorption edge region of W due to strong anomalous
absorption effects.
The average optical constants of W in the energy region
of 10192 eV - 10230 eV have been determined experimen-
tally by fitting the measured angle dependent specular x-
ray reflectivity profiles of the W-B4C superlattice struc-
ture. Measured values of the optical constants (δ, β) of
W are plotted in the Figs. 5(a) and 5(b) respectively. For
comparison, we have also plotted Henke tabulated values
of optical constants of W in Fig. 5 considering a density
of W ∼ 17.3 g/cm3. It can be seen from Fig. 5 that the
measured optical constants (δ, β) in the energy region of
10192 eV to 10230 eV show a good agreement with the
Henke tabulated values. We have observed a maximum
deviation ∼ 5 - 7% between measured and tabulated val-
ues of δ where as in case of β values, a maximum devia-
tion ∼ 10 - 15% was realized. In the case of x-ray reflec-
tivity analysis, the measurement accuracies of the optical
constants usually depend on the β/δ ratio for all the ma-
terials [35, 36]. The optical constants can be uniquely
determined in a situation when β/δ ≤ 0.5. Figure 5(c)
shows the variation of β/δ ratio of W in our case for the
energy region of 10192 eV to 10230 eV. At a first glance,
this variation seems to be in close agreement with the
Henke tabulated values. We observe a maximum varia-
tion in the β/δ ratio of W ∼ 0.23. In order to investigate
the dependency of probed depth volume of the XSW field
at different incident x-ray energy and grazing incidence
angles, we have computed EFI distribution in the vicinity
of the L3 absorption edge of W. Figure 6 represents the
computed EFI distribution at (a) 10205 eV, (b) 10207 eV,
(a) 10212 eV, and (a) 10218 eV x-ray energies inside the
W-B4C superlattice structure as a function of incidence
angle and film depth (z). The EFI was computed taking
into account the fitted microstructural parameters of the
superlattice structure and derived optical constants ob-
tained from the XRR analysis at different x-ray energies.
From Fig. 6, it can be observed that the probed depth of
the x-ray field inside the superlattice structure remains
4more or less constant in case if incident x-ray energies are
varying in the vicinity of W-L3 absorption edge. How-
ever, the locations of XSW antinodes shift by an angle of
0.010 for x-ray energies above the L3 absorption edge (E
∼ 10218 eV).
Figures 7(a) and 7(b) respectively show the measured
and normalised XSW assisted depth resolved x-ray ab-
sorption near edge structure measurements for two dif-
ferent W-B4C multilayer structures consisting of 15 and
10 bilayer repetitions at various grazing incidence angles
in the vicinity of L3 edge energy of tungsten. In this
figure, we have also plotted measured XANES profile (in
the fluorescence mode) of a pure tungsten metal foil. The
main absorption peak (white line) in Fig. 7(a) and 7(b)
is visible due to strong transition of 2p3/2 electrons to
the partially filled 5d levels (see Fig. 8a). It can also
be seen here that the peak intensity of the white line
varies at various grazing incidence angles. This is mainly
attributed to different probing depths (i.e. extinction
lengths) of the x-ray wave field inside the W-B4C multi-
layer structure at different grazing incidence angles. The
observed white line features in measured XANES profiles
of W-B4C multilayer structure (N=15) at different graz-
ing incidence angles, e.g., θ=0.73o (at low angle side),
θ=0.775o (at 1st Bragg peak) and θ=0.84o (at high angle
side) correspond to different probing depths of the x-ray
wave field. At these incidence angles, antinodes of XSW
field exist in the low Z layers (B4C), at the interface of
B4C-W layers and in the high Z layers (W) respectively.
The white line intensity at incidence angle of θ=1.48o
(at 2nd Bragg peak) describes a normal excitation of the
W-B4C multilayer structure. This is due to the fact that
at such a high incidence angle XSW field does not ex-
ist inside the multilayer structure because of very weak
reflection of the primary x-ray beam. In this condition,
all the W layers of the multilayer are excited only by the
primary x-ray beam. It can also be seen that the charac-
teristics features of the white line at θ=1.48o is similar to
that of the pure W metal foil. On the other hand, a sub-
tle shift of the edge energy position (Eo=10207 eV) can
be observed in the measured XANES profiles at grazing
incidence angles of 0.21o and 0.33o. This occurs mainly
due to the small probing depth of the XSW wave field
inside the multilayer medium at these angles. In such
conditions only few W atoms sitting at the top surface
of a tungsten layer are excited. These top sub-surface
W atoms experience a highly asymmetric crystal envi-
ronment, which in turn decreases their binding energy as
compared to those W atoms, situated at deep inside the
multilayer medium. It can also be noticed from Fig. 7
that at lower grazing incidence angles, the peak inten-
sity of white line is relatively larger as compared to that
of the higher incidence angles. This can be explained
by understanding the origin of white line that arises as
a results of electron transition from W-2p3/2 orbitals to
partially filled 5d orbitals in addition to the transitions
that occur from W-2p3/2 to unoccupied localised states
near 5d states. These localised states emerge because of
the bulk defects as well as due to surface effects (see Fig.
7(c)). In case of bulk, an atom remains in a homogeneous
structured environment. This causes an overlap of elec-
tron wave functions of adjacent neighbouring atoms in all
3-directions uniformly. As a result the dipolar coupling
between two orbitals that leads to origin of white line
intensity is distributed nearly isotropically. Whereas, in
the case of surface or interface states the atomic densities
may be localized to its position because of lack of bulk
symmetries. This would lead to sharp dipolar transitions
between core levels and unoccupied surface states. The
contribution of the surface effects are usually very large
in the case of a thin film structure of thickness ranging
in few tens of angstrom. At grazing incidence angle, the
relative contribution of surface states will be larger as
compared to that of the bulk defects, which in turn en-
hance the peak intensity of white line in the normalised
XANES spectra. We have repeated the XANES mea-
surements for a pure W thin film (thickness ∼ 270 A˚)
at different grazing incidence angles and arrive at similar
conclusions. It confirms that the enhanced white line in-
tensity at very low grazing incidence angles arises mainly
due to the surface states and self absorption effect does
not play any significant role in this particular scenario
[37, 38]. In conventional XANES measurements it has
already been shown that the peak intensity of white line
remains more or less unchanged in case of different oxi-
dation states of W [23, 24, 39]. Fig. 7(b) shows the nor-
malized XANES spectra measured at XRR-GIXRF ex-
perimental station of IAEA- Elettra beamline (BL-10.1L)
for a W-B4C multilayer consisting of number of bilayer
periods N=10. We arrive at similar conclusion after ana-
lyzing the XSW-XANES profiles presented in Fig. 7(b).
These XANES profiles do not provide any signature of
change of chemical state of W in the W-B4C multilayer
structures. Our results are found to be consistent with
the investigations reported by Rao et al., [40]. They have
shown that W and B4C in the W-B4C multilayer remain
stable up to an annealing temperature of 800oC. Beyond
this temperature (above ∼1000oC), B4C layer starts to
decompose into free C or B atoms, which then react with
the W atoms to produce more stable chemical phases of
the tungsten [41].
In order to further confirm our findings we carried out
first principles studies on pure bulk crystalline bcc W
(lattice parameter 3.16 A˚, space group Im-3m). We use
plain wave basis set based density function theory (using
CASTEP module of Material studio 16.0 [42]) with en-
ergy cut-off 400 eV, on the fly generated norm conserv-
ing pseudo-potential. Brillouin zone is sampled in the
k-space within Monkhorst-Pack scheme and grid size for
SCF calculation is chosen as 16×16×16 with SCF tol-
erance 10−7 eV/atom. Electronic exchange correlation
is treated within the generalised gradient approximation
(GGA) using Perdew-Burke-Ernzerhof (PBE) functional
[43]. Since it is well known that the XANES spectra
maps the unoccupied density of states of a material, we
display in Fig. 8(a) atom projected partial density of
5states of the W (5d). The form of density of states as
a function of energy would predict an overall nature of
the XANES spectra and their formal similarity is clearly
visible in Fig. 8 (b). In Fig. 8(b) we present the simu-
lated L3 absorption spectra of pure bulk crystalline bcc
W for two different core-level broadening (τ), 10.0 eV
(black solid line) and 15.0 eV (red solid line) respectively.
Clear resemblance between the theoretically calculated
XANES of pure bulk W crystal and that of experimen-
tally observed spectrum presented in Fig. 7 confirms our
hypothesis (that is, there is no significant signature of
change of chemical state of W). Theoretical spectra with
τ = 15.0 eV (red solid line) matches nicely with that of
the experimental results. This suggests a larger core level
broadening of W.
We have also carried out grazing incidence x-ray diffrac-
tion (GIXRD) measurements for the W-B4C multilayer
at 15.5 keV x-ray energy to determine formation of
various crystalline phases (if any) inside the multilayer
medium. Figure 9 shows the measured GIXRD pattern
of the W-B4C multilayer consisting of N=15 bilayer rep-
etitions at a fixed grazing incidence angle of 1o. It may
be noted here that the attenuation length of the incident
x-ray at 15.5 keV is greater than the total thickness of
the W-B4C multilayer stack. The GIXRD measurements
show two broad peaks corresponding to the W(110) and
W(211) planes, which suggest that W is present in the
polycrystalline phase with a very small grain size bound-
ary. We could also observe a very small peak at ∼29.9o
that arises due to asymmetric reflection from the Si sub-
strate. The GIXRD measurement does not provide any
evidence of formation of any other chemical phases of the
W inside the W-B4C multilayer structure.
In practice, it is very difficult to map depth resolved
chemical information on thin layered materials by us-
ing conventional x-ray absorption fine structure (XAFS)
measurements (transmission or fluorescence mode). The
combined XSW-XAFS analysis approach offers an oppor-
tunity to study depth resolved local structure of a thin
layered materials with atomic scale resolution.
IV. CONCLUSIONS
We have demonstrated that the XANES character-
ization along with the combined XRR-GIXRF analysis
can be used as a sensitive probe to perform depth
resolved chemical speciation of a thin film structure.
We have applied this approach to investigate detailed
microstructural properties of the W-B4C superlattice
structures. Two sets of W-B4C multilayer structures
consisting of N=15 and N=10 bilayer periods have
been analyzed using Indus-2 synchrotron and Elettra
Sincrotrone Trieste facilities. XSW-XANES results
reveal significant changes in the chemical nature of W
atoms that are present at the surface and interfaces as
compared those present in the bulk thin film medium.
This is mainly due to the surface electronic states of the
W atoms. On the other hand, the electronic behaviour
of the W atoms that are present deep inside the bulk
W layer remains unchanged, which represents the bulk
electronic states of W. This is further confirmed through
the first principles calculations, carried out on bulk
crystals of W. The grazing incidence x-ray diffraction
results also support the above mentioned conclusions.
The understanding of distribution of surface states as
a function of depth for thin films is often necessary to
correlate electronic, magnetic and transport properties
of a thin film device.
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7FIG. 1. A schematic representation showing the x-ray reflection from a W-B4C superlattice structure consisting of N=15 bilayer
repetitions. In this figure we have also depicted a buried interface layer of W inside the multilayer medium, on top of a Si
substrate.
FIG. 2. Measured and fitted XRR and W-Lα fluorescence profiles for W-B4C multilayer structure comprising of N=15 bilayer
repetitions at incident x-ray energy of 10230 eV. (a) XRR profile, and (b) W-Lα fluorescence profile.
8FIG. 3. X-ray field intensity (EFI) distribution inside a W-B4C periodic multilayer structure computed using best fitted
parameters obtained from the XRR and W-Lα fluorescence measurements at incident x-ray energy of E= 10230 eV. In this
figure, we have also marked various dotted vertical lines showing different incident angles that have been opted for depth
selective XANES measurements of W-B4C multilayer structure.
FIG. 4. Measured and fitted XRR profiles for W-B4C multilayer structure comprising of N=15 bilayer repetitions in the incident
x-ray energies of 10192-10230 eV.
9FIG. 5. Determined optical constants (a) δ, (b) β, and (c) the ratio β/δ of W from the x-ray reflectivity measurements in a
W-B4C multilayer structure comprising of N=15 bilayer repetitions in x-ray energy region of 10192 -10230 eV. The values of
optical constants calculated from the Henke table are also given for comparison.
10
FIG. 6. X-ray field intensity (EFI) distribution inside a W-B4C periodic multilayer structure computed using best fitted
parameters obtained from the XRR and W-Lα fluorescence measurements and determined optical constants (δ, β) at incident
x-ray energy of (a)10205 eV, (b) 10207 eV, (c) 10212 eV and (d) 10218 eV. One clearly observed the proving depth volume of
XSW wave field inside W-B4C superlattice structure across the W-L3 absorption edge energy preserves a more or less constant
volume, except a angular shift θ ∼ 0.01o at high energy side (E ∼ 10230eV ) of the W-L3 edge.
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FIG. 7. X-ray standing wave induced XANES profiles of the W-B4C multilayer structures measured at L3 edge of W. (a)
Measured XANES profile of a multilayer structure consisting of N=15 bilayer repetitions using BL-16 beamline of Indus
synchrotron facility, and (b) W-B4C multilayer structure with N=10 bilayer repetitions measured at the International Atomic
Energy Agency (IAEA) GIXRF-XRR experimental facility operated at the XRF beamline of Elettra Sincrotrone Trieste (BL-
10.1L). On the right hand side, (c) a schematic illustration depicts the real space distribution of W atoms at surface-interface
boundary as well as inside bulk thin film medium.
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FIG. 8. First principles simulated (a) partial density of states of W (5d) and, (b)core level (L3) absorption spectra of pure bulk
bcc W.
FIG. 9. Measured GIXRD pattern of W-B4C multilayer consisting of N=15 bilayer repetitions at incident x-ray energy of 15.5
keV. During the measurements the incidence angle of the primary x-ray beam was fixed at 1.0o.
